Abstract -The goal of this paper is to investigate the thermal behavior of crystalline thin film silicon solar cells, and to determine whether the decrease in cell thickness affects the temperature dependences of the solar cell parameters. For the investigation crystalline solar cells with a photoactive layer thickness of 26, 38 and 50 microns were used. Sample cells were formed on n+-substrate wafers with n epitaxial layers where due to the low minority carrier lifetime in the substrate only the epitaxial layer participates effectively in the photocurrent generation. The thin photoactive layers were achieved by the etching of the epitaxial layer. On the samples I-V curves and spectral response functions were measured at different temperatures, and the temperature coefficients of the short circuit current, the open circuit voltage and the efficiency were determined. It was found, that the short circuit current shows higher temperature dependence in thin crystalline silicon cells, than in silicon solar cells with the usual thickness (150-200 μm). An explanation for this effect can be given based on the temperature dependence of the absorption factor of crystalline silicon. The results of the temperature dependant spectral response measurements seem to confirm this proposition.
INTRODUCTION
To enable photovoltaics to be competitive with other renewable or even conventional energy sources the costs for PV-systems have to be reduced. Since in case of conventional crystalline silicon solar cells more than 40 % [1] of the manufacturing costs of a solar module are amounted only by the raw material, i. e. the silicon wafer, one of the leading goals in silicon solar cell development is to reduce the costs for the raw material. This can be reached by either reducing the costs of the feedstock or by decreasing silicon consumption. Latter one has found increasing interest recently [2, 3, 4] and wafer thicknesses down to 20 μm [5] or even less by using thin film technologies have been reported. This paper addresses the effects of thin wafer thicknesses on the thermal behavior of the solar cell.
It is well known, that solar cells change their current, voltage and generated power according to their operating temperature, so a crucial questions of solar cells is their thermal behavior and the variation of the above mentioned parameters with changing temperatures.
In previous research [6] we found that the thickness of photoactive layer affects the thermal behavior, thus this correlation was taken under further investigation. For this purpose samples differing only in the thickness of the photoactive base layer were processed and investigated.
II. SAMPLE PREPARATION
To simulate thin solar cell structures heavily doped n+ wafers with weakly doped n-type epitaxial layers were used. Due to the very low minority carrier lifetime the charge carriers generated by the light that is absorbed in the n+ layer do not add to the current of the solar cell, so the structure can be regarded as a solar cell with the thickness of the epitaxial layer only.
The advantage of this method is, that for the simulation of the thermoelectric behavior of thin crystalline silicon cells it is not needed to perform the complicated processing of the thin wafers. In addition the mechanical stability is higher than in case of thin wafers, thus the handling during cell processing is easier and can be performed with methods and technologies used with normal wafers.
Furthermore a BSF (back surface field) is generated at the n+-n junction resulting in a decrease of minority carrier recombination at the back surface. The different layer thicknesses were reached by etching the n-type epitaxial layer in tetra-methyl-ammonium-hydroxide. The initial thickness of the epitaxial layer was measured as 60 μm, by etching the epitaxial layer three different thicknesses of 50, 38 and 26 μm were formed (table 1). All sample cells were fabricated on the same wafer to eliminate all possible inequalities in the raw material and the fabrication process. To achieve this, the surface of the wafer was masked by thermally grown oxide, and the windows for the etching were opened with time delays, thus enabling a different etch times and a different thickness in each window. The backside was also masked by thermal oxide. The p-n junction was formed by boron diffusion, and the front and back contacts are made up of evaporated aluminum (Fig. 1) . Finally the wafer with the cells was diced and samples with an area of 13 x 13 mm 2 were formed. 
III. MEASUREMENTS
First the thickness of the completed cells was determined by a mechanical thickness gauge. The thickness of the n+ substrate (350 μm) was determined by spreading resistance measurement, and was subtracted from the cell thickness resulting in the thickness of the photoactive layer ( Table 1) .
The I-V characteristics of the sample cells were investigated under a Xenon lamp producing a light intensity of 1000 W/m 2 at the front surface of the solar cells. The temperature of the cells was changed in the range of 5°C and 85°C in steps of 10°C with a thermostated cold plate, an I-V curve was obtained at every temperature step. The spectral response, i.e. the short circuit current as a function of the wavelength was measured at 8 different wavelengths: 392, 465, 550, 622,5 705, 790, 871,5 and 1023 nm. Similar to the measurement of the I-V characteristics the temperature of the cells was altered in the range of 5°C and 75°C in steps of 10°C with a thermostated cold plate, where a spectral response was measured at every temperature step.
IV. RESULTS
From the I-V curves measured at different temperatures the following parameters were extracted: short circuit current, open circuit voltage, and the efficiency. The temperature dependences for the different cells can be seen in Fig. 2-4 . Note that the cells only differ in the thickness of the epitaxial layer, i.e. the thickness of the photoactive layer. The temperature coefficients derived from the temperature curves can be found in Table 1 . 
V. DISCUSSION
Since the open circuit voltage is mainly influenced by the parameters of the p-n junction, the temperature coefficient of the open circuit voltage shows practically no dependence on the thickness of the epitaxial layer. This also indicates that the p-n junctions of the sample cells are mostly identical, thus eliminating effects that could be caused by different parameters of the p-n junction, so every difference seen in the thermal behavior must be related to the differences in the photoactive layer thickness. As it can be seen from Table 1 the temperature coefficient of the (open circuit) voltage is higher by an order of magnitude than the temperature coefficient of the (short circuit) current. Due to this the temperature dependence of the efficiency, i.e. the generated power is mainly influenced by the voltage and shows no significant changes for different values of the epitaxial layer thickness. However, the temperature coefficient of the short circuit current shows a slight but tendentious decrease with increasing thickness of the photoactive layer. This can be explained by the temperature dependence of the absorption factor in silicon. In thin cells light with higher wavelengths is absorbed only partially. With rising temperatures the increase of the absorption causes a rise in the photocurrent. Since the effect of the increasing absorption factor influences only wavelength where the absorption is partial, with increasing thickness of the solar cell there are less spectral components which are not absorbed totally, and thus the temperature induced photocurrent rise gets less significant. Ideally if all of the light is absorbed, the photocurrent would not depend on the temperature. On the other hand this also means that with decreasing photoactive layer or absorption thickness the solar cell will absorb less spectral components totally, thus the temperature dependence of the photocurrent will increase. This theoretical explanation is backed up by the results of the spectral response measurements. Fig. 5 shows the spectral responses for Cell B. It can be seen that the currents generated by the red and near-IR components show a higher temperature dependence, than the components with lower wavelength, e. g. the components that are absorbed totally. The bad spectral response in the low wavelength region is due to the lack a surface passivation of the solar cell, but does not influence the conclusion that can be drawn form the measurements. The overall negative temperature coefficient of the short circuit current is caused by the high series resistant of the metal contacts originating in the thin vapor deposited aluminum layer with a thickness of around 300 nm. As it can be seen in Fig. 5 each component is increasing with temperature. This would have to results in a positive temperature coefficient for the short circuit current, and is in contradiction with the I-V curve measurements that resulted in a negative coefficient. The explanation for this is the difference in illumination levels used for the two measurements. Since for the generation of the single wavelengths optical filters are used, the irradiated power is by 2 magnitudes lower than in case of the I-V measurement. So in case the of the I-V measurements the generated current is much higher, and because of the high series resistance of the metallization the p-n junction gets biased and practically shunts itself.
VI. CONCLUSION
As to summarize it can be stated, that the thickness of a solar cell influences the temperature dependences of a solar cell, as it is clearly demonstrated for the temperature coefficient of the short circuit. However, since the temperature coefficient of the open circuit voltage is by an order of magnitude higher, it dominates the temperature dependence of the solar cell efficiency and performance. Since the temperature dependence of voltage is rather determined by the parameters of the p-n junction the temperature coefficient of the efficiency is practically not influenced by changes in the thickness of the solar cell. However the correlation between the solar cell thickness and the temperature coefficient of the short circuit current can be from interest where the short circuit current is of importance, for example in light sensing applications.
